The aerodynamic shape optimisation of a micro air vehicle (MAV) wing is performed to obtain the basic wing geometrical characteristics which produce the maximum range and endurance requirements. Multhopp's method based on Prandtl's classical lifting line theory is used for the determination of the spanwise load distribution required during the optimisation process. The obtained lift and drag characteristics are used for the derivation of the range and endurance equations of an electrically driven micro air vehicle. The optimisation process is based on the modified feasible directions gradient based optimisation algorithm. Results are validated using wind tunnel measurements showing very good agreement. Results are also compared with solutions to the Navier-Stokes equations obtained with ANSYS-CFX finite elements using different turbulence models. These include the k-ε and the shear stress transport (SST) models as well as the Reynolds stress model.
NOMENCLATURE

INTRODUCTION
MAVs have gained great attention and have been a subject of considerable interest by the aeronautical community over the last several years. Their development, design, analysis, and modelling including shape, aerodynamics, structures and control aspects have always presented a big challenge. However, many unique designs have been designed, built and flown recently (1) (2) (3) (4) . MAVs should work in places and situations where larger vehicles could not exit including both military and civilian sectors. They are also considered an ideal platform for the morphing demonstration as they require quite small power, whereas the benefit is quite large, besides, the ability to use flexible structures, yet strong enough to support the wing loading (2) (3) (4) . These flexible structures could allow different control concepts, hence provide efficient control surfaces that would improve the MAV's agility and maintain smooth flight. However, for a morphing wing to generate its new shape, it would generate aeroelastic forces. These forces would change the shape of the wing, hence influencing the aerodynamic forces. A lot of work has been developed in the last few years concerning the experimental and numerical analysis of flexible MAV wings. In order to study the flight dynamics and structural behaviour of MAV membrane wings, wind tunnel measurements have been used to identify the parameters associated with the flight mechanics (4, 5) and the deformations during flight (6, 7) . Numerically, full three dimensional computational simulations of the fluid dynamics revealed the effect of unsteady aerodynamics over a membrane MAV wing, hence demonstrating the relation between membrane dynamics and flight performance (8, 9) . In this paper, only the aerodynamic design of a MAV wing and its experimental and numerical validations are presented. The non-linear trends due to low Reynolds number and aeroelastic issues are not part of the investigation. The design process considers the combined optimisation of aerodynamic lift and drag using the Multhopp's method based on Prandtl's lifting line theory. The aerodynamic design of such a wing is performed on two steps. Firstly, is the determination of the wing aerofoil spline characteristics and secondly is the determination of the planform of the wing. This wing geometry should satisfy the performance criteria required by the air vehicle and attain the best stall characteristics. The above follows the first problem of the 'Three Basic Problems of Wing Theory' formulated for one separate wing by Prandtl. It is called the design problem in which the lift distribution of the wing is given and wanted is the wing shape (plan form and washout) and its induced drag (10) . The design process is applied to the 'BARQ' MAV for reconnaissance in near field areas. It is a conventional wing-tail arrangement MAV with a maximum dimension not exceeding 40cm. It could carry a micro CCD colour zoom camera. The MAV system could be hand held in one brief case including MAV and the mission control system. The 'BARQ' MAV has its first successful flight in July 2009. It has the following performance characteristics:
Endurance:
up to 30min Flight altitude: about 50m Cruise speed range: up to 70km/hr Control:
manual flight mode through a ground operator Launch status:
hand launch
The MAV is initially designed with elliptic wing as shown in Fig. 1 . The elliptic wing configuration has the advantage of minimum induced drag values, however the wing uniform lift distribution causes the entire span of the wing to stall simultaneously which is a very dangerous drawback. To compensate, there is a necessity to add some twist distribution to the elliptic wing planform to improve the stall characteristics. However, this would increase the induced drag, reduce the wing efficiency and increase the manufacturing complexity. On the other hand, tapered wings are much easier in manufacturing. Additionally, trapeze wings with certain taper ratios, could almost have the same efficiency as elliptic wings. Hence, it is decided to retain the fuselage, horizontal and vertical tail configurations of the initial MAV and to redesign the wing to have a tapered configuration instead. This new wing geometry should enhance the MAV performance and attain the best stall characteristics. Therefore, the proposed optimisation procedure is applied for the design of the new wing. The lift and drag characteristics of the new wing design as well as the MAV candidate are then validated using wind tunnel measurements. Finally, results are compared with solutions of the Navier-Stokes equations using ANSYS-CFX (11) . These solutions use different turbulence models as the k-ε model, the shear stress transport (SST) model as well as the Reynolds stress model.
ANALYTICAL PROCEDURE
The main purpose is to design a new wing for the MAV. Hence, a design procedure is presented to optimise the symmetric load distribution satisfying the MAV mission. The objective of the aerodynamic optimisation of wing is to enhance the performance characteristics of the air vehicle during steady level flight. This is accomplished through quantifying the optimum wing geometric parameters including planform and aerofoil spline characteristics.
Aerodynamic shape optimisation of wing
Since the main purpose of the desired MAV system is reconnaissance, therefore enhancing the air vehicle's range and/or endurance (12) (13) (14) allows it to fulfil its mission requirements. The main aerodynamic parameters responsible for enhancing the air vehicle's performance are obtained upon driving the range and endurance equations for electrically-driven air vehicles. According to electrical circuit's laws, the electric current is related to the amount of charge by:
To obtain an analogous expression for range, Equation (2) is multiplied by free stream velocity, U.
Since, for level unaccelerated flight the required power is equal to the drag times the velocity and to maintain steady conditions the power available is equal to the required power, taking into consideration that the power mentioned in the above relations is the brake power output which is equal to:
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. . . (1) . . . (2) . . . (3) . . . (4) Hence; for level flight where the lift force is equal to the weight force and using Equation (2) the endurance is equal to:
For preliminary performance analysis, the above equation is simplified for parameter values independent of charge value leading to: Therefore, for steady level flight A similar derivation will lead to a range equation for the electrically-driven air vehicles as follows:
Thus the aerodynamic quantities that should be optimised are:
• For range case.
• For endurance case.
The main contributors to the aerodynamic parameters within the optimisation process are the wing lift and induced drag, which are functions of the lift distribution on the wing, which depends on the particular wing being considered. The prediction of the zero-lift and induced drags for the different air vehicle's components, except the wing induced drag, are modeled by Class II methods based on USAF Stability and Control Datcom which applies to airplanes with essentially straight, tapered wings (15, 16) . However, the wing's aerodynamic characteristics are obtained using Multhopp's method based on Prandtl's lifting line theory.
Spanwise load distribution using Multhopp's method based on lifting line theory.
The classical lifting line theory developed by Ludwig Prandtl and published in 1918 is the first analytical method to satisfactorily predict the performance of a lifting wing (17, 18) . Moreover, until the development of the digital computer in the early 1960s, it was the only analytical tool . . . (5) . . . (6) . . . (8) . . . (7) available for wing design. Early comparisons between results predicted from the lifting line theory and experimental data showed excellent agreement for wings with aspect ratio greater than 4. Even with modern computational fluid dynamics (CFD) it is difficult to improve on the induced drag predictions derived from the lifting line theory. Prandtl lifting line theory is still widely used today, because it has the advantage of yielding closed form solutions. Such solutions are not only many order of magnitude faster to evaluate than modern CFD solutions, but they provide greater insight into how wing design parameters affect wing performance. The equation for the determination of the spanwise load distribution of a given wing of finite span, introduced by Prandtl (19) (20) (21) (22) (23) (24) (25) (26) , compares the reduced lift at a cross section y of a finite span wing with the lift at the same cross section of an infinitely long wing. This reduced lift is due to the change of the incident flow direction that results from the downwash velocity induced by the free vortices, hence, a profile cross section of a wing of finite span behaves like that of a wing of infinite span (plane flow) at an angle of incidence α e . The geometric angle-of-attack α(y), measured from the zero-lift position, the effective angle α e (y), and the induced angle α i (y) are related by (19) (20) (21) (22) (23) (24) (25) (26) :
The effective angle-of-attack, α e (y), is obtained with the help of the Kutta-Joukowsky theorem, while the induced angle-of-attack, α i (y), is obtained from α i (y)= w i (y)/U, where, w i is the distribution of the induced downwash velocity along the span obtained by applying the Biot-Savart law to the semi infinitely long free vortex behind the wing and integrating over the area of the free vortices (19) (20) (21) (22) (23) (24) (25) (26) .
Introducing Equations (10) and (11) into Equation (9) yields the determination of the circulation distribution which is a linear integral equation for the circulation distribution Γ(y). Solution to the problem of determining the spanwise lift distribution for wings has been presented by Multhopp (19, 20) . Multhopp's approach was to find the local circulation at several preselected points instead of a completely general solution. A simple method to determine a satisfactory spanwise distribution of arbitrary points where more points near the tips, where the curve changes most rapidly are required, is given according to the relation (19, 20) 
The span station is then (19, 20) :
. . . (10) . . . (11) . . . (12) . . . (13) . . . (9) The local effective angle-of-attack at station ν is equal to the local geometric angle-of-attack plus the effect of all the shed vortices (19, 20) :
where b vn is a Multhopp coefficient accounting for the increment of induced angle at station v due to vortex at station n, while b v is a Multhopp coefficient that accounts for the effect of the circulation at station ν on that at station n and is equal to [2 λ ν /a o (ν)] + b νν . In Multhopp's actual solution to obtain the values for the coefficients it develops that (19, 20) :
Equation (14) can now be solved for local non-dimensional circulation γ, hence, the local lift coefficient becomes known through (19, 20) :
And the equation for the total wing lift coefficient is (19, 20) :
The induced drag coefficient is (19, 20) :
Although being a very weak source of lift compared to the wing, the other secondary source of lift accounted for is that produced by the horizontal tail. Its lift is added to that produced by the wing to obtain the total MAV lift during the optimisation process. It could be evaluated from (15, 16) :
Application of the optimisation process to the MAV's wing
Beside the low subsonic flight regime, the miniature dimensions of the MAV yield to the choice of low Reynolds number aerofoils to be used during the optimisation process. The wing's profile (aerofoil) is allowed to be chosen from the set of low Reynolds number aerofoils elaborated by Richard Eppler (E64, E66, E211 and E212) (27) . Also, a straight planform wing configuration is 692 THE AERONAUTICAL JOURNAL JULY 2012
. . . (14) . . . (15) . . . (18) . . . (19) .
. . (20a) . . . (20b)
. . . (16) . . . (17) chosen; hence only three design variables could serve in completely describing the wing planform shape. These three variables are chosen to be the wing span, aspect ratio and taper ratio. During the optimisation process, The wing span has an upper bound value of 40 (cm) to avoid violation with the mission specifications of the MAV, while the wing aspect ratio has a lower bound of 4 to be in accordance with the assumptions of the lifting line theory. The wing taper ratio is allowed to change between the values 0 . 4 till a unity value. The optimisation problem is formulated so as to enhance the performance of the MAV. The optimisation process is implemented twice; one for maximising the range performance through maximising the ratio (C L /C D ) and the other for maximising the endurance performance through maximising the ratio (C L 3/2 /C D ). The values of the design variables, describing the geometric wing planform and aerofoil characteristics are obtained for both optimisation processes under the constraint of avoiding wing stall; to have a design point away enough from the stall limits and to control the spanwise location of the start of the stall. Ensuring a smooth and safe flight is also an important consideration for MAVs flight. Hence, the wing's maximum lift is constrained to be at least greater than the maximum lift the MAV requires by 10%. These conditions are very important in deriving the objectives towards the obtained optimal values, hence, determining the optimal symmetric load distribution satisfying the MAV requirements. The stall angle-ofattack is obtained analytically by comparing the spanwise distribution of cc l with the spanwise distribution of cc l,max (20) . The cc l,max distribution will not be constant owing to the changing of both the chord and the Reynolds number. The procedure embraces plotting the cc l and cc l,max distributions on one sheet and increasing C L,w progressively until the curve cc l touches that of cc l,max . The spanwise location of the tangency is then the spanwise location of the start of the stall and the angle-of-attack corresponding to C L,w is the stall angle-of-attack.
Based on the 'Modified Feasible Directions Gradient Based Algorithm', the optimisation process is implemented in the general purpose optimisation system, VisualDOC (28) (29) (30) . The modified method of feasible directions is a nonlinear optimisation algorithm that combines the features of the method of feasible directions and the generalised reduced gradient method. The algorithm uses the direction-finding subproblem from the method of feasible directions to find a search direction that is equivalent to that of the generalised reduced gradient method but without the need of the large number of slack variables associated with inequality constraints. The modified method of feasible directions used in VisualDOC incorporates the best features of both methods, it is designed specifically for inequality constrained problems, it does not increase the dimensionality of the design problem by adding slack variables to the inequality constraints and it requires only the gradients of the active constraints set, thus reducing both computational effort and computer storage. The method repeats the sub-problem of finding a new usable-feasible search direction, followed by continued search until no search direction can be found that will improve the design without violating one or more constraints.
The aerodynamic problem illustrated previously is solved in which the configuration of the MAV components (fuselage, horizontal and vertical tail) is fixed and their values during the optimisation process are taken as that of the initially designed MAV. The wing configuration is allowed to change according to the optimisation problem mentioned till reaching the optimum wing configuration. The convergence of the optimisation process is shown through the time histories of the objective functions in Figs 2 and 3 .
The obtained results for both range and endurance optimised configurations are very close from each other from the point of view of dimensions and maximum objective values. Therefore, a final configuration is taken by rounding off the basic dimensions obtained from both optimisation processes to simplify the manufacture procedure through having simple and clean dimensions and without losing a lot in the performance objectives. The final wing configuration is also allowed to have a small sweep angle for the geometric improvement of the wing planform shape. The values of the wing design variables, geometric dimensions, constraints and the aerodynamic objectives of both range and endurance optimised configurations as well as the final configuration are presented in Table 1 and a CAD model for the final wing mounted on the MAV is presented in Fig. 4 . The final wing configuration has a lift coefficient of 0 . 75 and an induced drag value of 0 . 0363 at the condition of maximum (C L /C D ). It also has a lift coefficient of 1 . 0084 and an induced drag value of 0 . 0657 at the condition of maximum (C L 3/2 /C D ). Both conditions are at an adequate margin from the stall limit.
EXPERIMENTAL SETUP
Using the MAV CAD model shown in Fig. 4 , a wind tunnel one to one model is manufactured using CNC machine. This measurement model is made from aluminium and is shown in Fig.   694 THE AERONAUTICAL JOURNAL JULY 2012 5. It is a totally rigid model for the aerodynamic concept validation without encountering the aeroelastic or flexibility issues. Wind tunnel measurements are conducted at the low speed wind tunnel in the Aerospace Engineering Department, Cairo University. It is an open circuit tunnel with maximum flow speed of 50m/sec and has a test section of dimensions 0 . 8 ×1 . 2 × 2 . 5m equipped with a three component balance. The measurements are conducted at a speed of 42 m/sec to amplify the generated forces so the balance could sense them accurately especially at flow conditions where the generated forces become of low magnitudes. Figure 6 shows the wind tunnel test section with the model mounted in. In order to assure good experimental data, our first temptation may be to call the data 'good' if they agree well with the theory. But, theory is simply a model intended to mimic the behaviour of the real situation. In order to ensure the measurement results, measurements are repeated as much as possible to assure its repeatability and be able to estimate their uncertainty using statistical tools. It is of importance to mention that errors could not be evaluated as a true value of the measured quantity is not well known; hence, uncertainty checks should be accomplished (31, 32) . During the experiment, care is taken to avoid bias errors such as human and loading errors or any kind of illegitimate errors due to mistakes. Precision errors that could be caused by factors such as disturbances to the equipment or fluctuating experimental conditions are accounted for through evaluating precision uncertainty using the confidence intervals for small samples. Hence, the wing and MAV measurements are carried out four times in both an increasing and a decreasing angle-of-attack sense to have a total of eight measurements for each angle-of-attack. Each angle-of-attack measurement has a 720 readings sample. The mean value of this sample is then used to calculate the uncertainty of the eight measurements using:
The uncertainty checks of the eight experimental runs are first presented. This is followed by comparison to the previously obtained theoretical results. It is of importance to mention that the walls, weight and adaptor effects are always considered and all of the obtained experimental results are corrected from their effects. Figure 7 presents the obtained precision uncertainty values that are at a 95% confidence level. It is observed that the drag uncertainty values are better and are almost constant; with a mean uncertainty value of 1 . 1%, while, the lift uncertainty has a mean value of 12 . 37%. It is also observed that the uncertainty and the standard deviation values increase as the angle-of-attack increases which is predicted. Figure 8 shows a comparison between the obtained analytical wing lift from the lifting line theory and the wind tunnel measurements. It is observed that there is a very good agreement in the lift curve slope, zero lift angle-of-attack which adds to the potential merits of the lifting line theory. Experimental results also showed the stall variations which are difficult to predict analytically except for the stall angle of angle-of-attack which is exactly as the analytical calculation. The stall angle-of-attack is 11 degrees measured from the wing chord line. It is also observed that the maximum lift is lower than that predicted analytically. It is believed that some of the deviation between the analytical and experimental results in the wing case is due to the effect of balance struts and adaptor on the wing characteristics as they have considerable size with respect to the wing. Figure 10 presents the experimental drag measurements uncertainty values which are almost constant with a mean uncertainty value of 2 . 8%, while, lift uncertainty has a mean of 4 . 8%. It is observed that the uncertainty values for the MAV lift are better than that of the wing proving what we claimed that the small size of the wing would affect its measurements. While, the MAV drag uncertainty values are higher than that of the wing due to the effects of various MAV components. This is also clear through the smaller variance of lift readings and the larger variance of drag readings of the MAV at each angle-of-attack compared to the wing case. However, the obtained uncertainty values are within the acceptable range allowing the experimental results to validate the analytical method used in developing the current MAV. Figure 11 shows a comparison between the obtained analytical lift (due to the MAV wing and horizontal tail) and the experimental results for the MAV candidate, where, very good agreement in the lift curve slope, zero lift angle-of-attack as well as the maximum lift value is observed between the analytical and the experimental results. The experimental results predicted the stall angle-of-attack at a slightly higher angle-of-attack from the analytical calculation (The MAV stall angle-of-attack is 8 degrees based on Equation (20-b)) which is quite safe. Figure 12 shows a comparison between the obtained analytical drag (zero-lift and induced drags for the different air vehicle's components, except the wing induced drag, are modelled by Class II methods based on USAF Stability and Control Datcom, while the wing induced drag is modelled by the lifting line theory) and the experimental results for the MAV candidate in which a very good matching is observed between them. Once more, experimental results deviate from the analytical ones considerably after stall.
Wing results
MAV results
CFD APPROACH
In this section, the analytical solutions and the experimental results are compared with solutions to the Navier-Stokes equations solved with finite elements using ANSYS-CFX. Ultimately, though, it approaches form 'control volume' equations that ensure exact conservation of flow quantities, a vital property for accurate CFD simulations. In what follows; CFD solutions are presented using in which a steady formulation is employed. All results are obtained at the design free stream velocity of 15 . 83m/sec.
Wing simulations
Grid resolution and boundary conditions
Mesh sequencing is employed in the solution procedure of the wing using coarse, medium, normal and fine grids having the properties given in Table 2 . The nodes are distributed over a computational domain of a cube shape that extends 15 chord lengths. Inflow/outflow boundary conditions are specified as well as wall boundary condition over the wing body. Figures 13 and  14 shows the course and the fine grid shape over the wing.
Before any discretisation error estimation is calculated, it is ensured that iterative convergence is achieved and the lift and drag coefficients has reached a stable constant value with six order of magnitude decrease in the normalised residuals for each equation solved. Using converged results from the different grids the dependence of the solution on the mesh size, the procedure described in Refs 33 and 34 to evaluate the numerical accuracy of the results is applied. For the sake of completeness this procedure is briefed in the following:
Step 1: Define a representative cell, mesh or grid size h. For three dimensional calculations:
Where; ΔV i is the volume of the ith cell, and N is the total number of cells used for the computations.
Step 2: Select three significantly different set of grids, and run simulations to determine the values of key variables important to the objective of the simulation study, for example, a variable ϕ critical to the conclusions being reported. It is desirable that the grid refinement factor, r = h coarse /h fine , be greater than 1 . 3. This value of 1 . 3 is based on experience, and not on formal derivation.
Step 3: Let h 1 < h 2 < h 3 and r 21 = h 2 /h 1 , r 32 = h 3 /h 2 , and calculate the apparent order, p, of the method using the expression:
Where; ε 32 = ϕ 3 -ϕ 2 , ε 21 = ϕ 2 -ϕ 1 , ϕ k denoting the solution on the kth grid. Equation (23) is solved using fixed-point iteration, with the initial guess equal to the first term.
Step 4: Calculate and report the following error estimates: 700 THE AERONAUTICAL JOURNAL JULY 2012 2-Fine grid convergence index:
The previous accuracy checking procedure is adapted to the coarse, medium and normal grids as well as the medium, normal and fine grids with the last having a r 21 value of 1 . 45 and a r 32 value of 1 . 3. This shows very satisfactory grid convergence history, where the lift and drag relative error values at different angles-of-attack as well as the fine grid convergence index (GCI) are shown in Table 3 . The GCI method is an acceptable and recommended method that has been evaluated over several hundred CFD cases (33, 34) . It is clear that the GCI values attains high values in high negative angles-of-attack. They also attain higher values in stall conditions. While, these values drops abruptly in the flying range of angles of attack and are all highly acceptable. Figures 15 and 16 shows the lift and drag grid convergence results, where, it is concluded that using the normal grid in CFD simulations is optimum for computation efficiency as finer discreti-NABAWY ET AL AERODYNAMIC SHAPE OPTIMISATION, WIND TUNNEL MEASUREMENTS AND CFD ... 701 . . . (24) . . . (25) sation does not improve the solution significantly. In addition to the grid convergence analysis discussed above, which is performed on a fixed computational domain extending 15 chord lengths, different computational domain sizes where analysed of 5 and 10 chord lengths and the solution appears to converge at 15 chord lengths. Results obtained for larger computational domain of 20 chord lengths revealed almost no change when compared to the results obtained from the 15 chord domain. Consequently, the 15 chord domain is deemed sufficient for the remainder of the computation.
Turbulence models
In order to check the problem attitude upon using different turbulence models and to remove any sources of numerical instability, a study of the solution under different turbulence models is adopted using the normal grid. These models include the Reynolds Stress model and the simpler two-equation turbulence models as the k-ε and the shear stress transport (SST) model of Menter (35) which works by solving a turbulence/frequency-based model, k-ω at the wall and k-ε in the bulk flow. A blending function ensures a smooth transition between the two models. In a NASA Technical Memorandum (36) , SST is rated the most accurate model for aerodynamic applications due to its improved eddy viscosity formulation, its automatic wall function, being more proper model for separated flows and being less sensitive to y + . Also, from a computational point of view it is more efficient than the Reynolds Stress model as it has fewer variables to solve. As for the near wall treatment, a scalable wall function formulation which can be applied on arbitrarily fine meshes is used (11) . While, as mentioned, for the SST model an automatic near wall treatment is used, which allows for a smooth shift from a low Reynolds number form to a wall function formulation (11) . The values of y + on the wall is checked to be in the recommended range for each model, hence ensuring proper near wall resolution (11) . Figures 17 and 18 show that the obtained CFD solutions are to a great extent similar to the previously obtained analytical results especially for the lift characteristics, where, there is almost no significant difference between turbulence models. The difference between turbulence models appears in the drag characteristics; however, they share the same trend. This is predicted as the lift characteristics depend on mainly mathematical procedures, while, the drag characteristics depend on the physical model used. The k-ε model showed to give the worst matching with the 702 THE AERONAUTICAL JOURNAL JULY 2012 analytical results, while, the SST model is the best matching model with the analytical results. The Reynolds stress model is the best matching model with the experimental results along most of the flying angles of attack; however, the experimental results deviate significantly from all turbulence models predictions beyond stall.
MAV simulations
Similar grid convergence studies are adopted for CFD simulations of the MAV candidate reaching to a normal grid that has 1,070,200 nodes and 6,231,862 elements. Different turbulence models are also used for the MAV CFD simulation. Figures 19 and 20 show the pressure distribution on the MAV using the SST model at design angle-of-attack. Figure 21 shows a very good agreement between the analytical, CFD and experimental lift results. The analytical results are stopped at the stall angle-of-attack. The lift curve slopes are almost the same. However, it is observed that; the CFD solutions underestimate the lift values slightly. Figure 22 shows also a good matching between the analytical, CFD and the experimental drag results for most of the flying angles-of-attack, however, CFD solutions show to overestimate the drag values. Similar to the wing results, the k-ε model shows to give the worst matching with the analytical results, the SST model is the best matching model with the analytical results. The Reynolds stress model is the best matching model with the experimental results along most of the flying angles of attack. Also, CFD solutions show to be more matching with the experimental results in the vicinity of the zero lift angle-of-attack, where the drag value is much higher than that predicted analytically. However, it should be noted that the presence of a flight condition in this region is very difficult. Finally, the CFD solutions underestimate the experimental results at angles-of-attack beyond the stall angle-of-attack predicted analytically. results overestimate the maximum objective value, which is quite positive. Once again, the SST model is the best matching model with the analytical results. The Reynolds stress model is the best matching model with the experimental results along most of the flying angles of attack, however; the extremely high computational cost required for the evaluation of the CFD solutions are non-comparable with that required for the analytical procedure.
CONCLUSIONS
The proposed aerodynamic design optimisation of MAV wing and its experimental and numerical validations show that:
1. The derived range and endurance equations for electrically driven micro air vehicles are valid.
2. The use of Multhopp's procedure based on Prandtl's lifting line theory can be easily used for such type of wing for this category of air vehicles.
3. The modified feasible directions gradient based optimisation algorithm converges rapidly for the solution of wing design of MAV. 4. Experimental results are strongly validating the design technique used in developing the current MAV candidate.
5. CFD solutions adopted give almost perfectly matching results for the lift characteristics and acceptable results for the drag characteristics depending on the used turbulence model. However, they need significantly higher computational cost compared to the developed analytical design procedure.
6. The shear stress transport turbulence model shows to be the most matching model with the developed analytical procedure. While, the Reynolds stress model shows to be the most matching with the obtained experimental results.
